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Man's exploration of space depends greatly on his ability to put heavier

payloads into the space environment.

The high~energy liquid propellants

appear attractive as a means for improving rocket payload and mission capa-

bility.

Much has been written in recent literature concerning rockets using

the high-energy liquid propellants, their potential impulse, and their com-

parative payloads.
efficiency, and mission requirements.
attempt such evaluations.

used with these high-energy liquid propellants.

Such comparisons must consider rocket staging, structural

combinations will be considered:

and for comparative purpose, RPl and oxygen.

It is not the intent of this paper to
This paper is concerned with the turbopumps to be

Three chemical propellant

hydrogen and oxygen, hydrogen and fluorine,

Also to be considered will be -

heated hydrogen for nuclear rocket applications.

As evident by the propellant combinations to be considered, hydrogen

is the .fuel of interest.

as compared with the oxidants and conventional fuels creates a different

pumping problem which can result in changes in turbopump design concepts.

The use of hydrogen with its low molecular weight

This paper will describe the general characteristics of these hydrogen-fuel

turbopumps and discuss differences in the basic components, namely, pumps,
Neo w7t
drive turbine, and gearing.
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SYMBOLS
frontal area, 2
specific heat at constant pressure, Btu/lb/OR
acceleration due to gravity, ft/sec2
head rise across pump, ft
net positive suction head, Tt
turbine-inlet total enthalpy, ft-1b/1b
specific work, ft-1b/1b
mechanical equivalent of heat, ft—lb/Btu
constants
number of pump or turbine stages
rotative speed, rpm
gearing power
turbine total-to-static pressure ratio
net-positive suction pressure, lb/f’t2
pressure, lb/ft2
volume flow rate, gal/min
gas constant, £t/°R
suction specific speed
turbine-inlet total temperature
average pump-rotor-exit blade speed, mean-section turbine blade
speed, ft/sec
tangential component of velocity, ft/sec
weight, 1b
weight flow rate, lb/sec
ratio of specific heats

pump or turbine efficiency
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v specific volume, fts/lb

V¥ pump and turbine stage diagram parameter, ANu/U
w angular velocity, rad/sec

Subscripts:

b bulk

f fuel

id ideal

o] oxidant

P propellant

p pump

T turbine

tot total

OVER-ALL TURBOPUMP CONSIDERATIONS

A description of the major turbopump components and relation of the
turbopump to the rocket fluid flow system can be made using figure 1 where
a schematic diagram of a typical chemical system is presented. The fuel
and oxidant pass from the tanks and enter their respective pumps. As the
flow passes through the pumps its pressure is raised to the level required
to meet the thrust-chamber pressure requirements. After discharge from the
pumps the flow is passed to the thrust-chamber area. A small percentage of
both fuel and oxidant is seen to be bled off downstream of the pumps and
directed to a gas generator where the two propellants are burned. The
product of combustion (usually fuel rich) is then passed through the drive
turbine where the energy required to provide the necessary pump power is ex-

tracted. Upon discharge from the turbine the gases are exhausted overboard.
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The turbine is shown connected to both pumps through gearing, because these
components, in general, desire to operate at different rotative speeds.

The turbopump affects the rocket performance in two ways. First, the
flow that is diverted through the turbine reduces the rocket specific im-
pulse, considered herein as the ratio of thrqst to total-propellant-
-consumption rate‘aad‘iaus,

W e S RSt SR, . ‘01' a given structural weight,

this would then mean a reduction in payload. Second, the turbopump weight,

also being part of the empty weight, is significant as changes in its value
result in corresponding required changes in payload.

These two characteristics, turbine flow rate and turbopump weight, are,
in general, related to each other through the turbopump efficiency considered
herein as the product of the pump and turbine efficiencies. A reduction in
flow rate is obtained through an increase in efficiency. However, in gen-
eral, this improved efficiency is obtained at the expense of increased turbo-
pump weight, primarily in the area of the turbine. In view of this counter-
balancing effect, it is of interest to know the relative significance of
these two factors so that the desired direction, high efficiency or low
weight, can be established. Such a comparison is made in figure 2 for an
example high-energy-propellant application. Percent increase in turbine
flow rate is presented as a function of percent increase in turbopump weight.
The line represents the relation between these two factors that yields no net
change in the ratio of rocket payload to gross weight. It can be seen that,
for this example, a 20-percent increase in flow rate must be matched by a
60-percent reduction in turbopump weight. Since the curve is almost a

straight line, these numbers can be interpreted as indicating a ratio of
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weight to flow rate of 3 to 1. From these considerations, it is evident
that low flow rates are desired, even at the expense of some turbopump
weight. Through the relation of flow rate to efficiency, it is then indi-
cated T:hat ;11 5 component efﬁsffiijée; ?Zz %ﬁg'uw : 2 M MT(; ;‘ﬁ
%WMQ&%&AJ.&A uqlgwﬁfﬁqg.1¢¢~7n£€, e 2o _yk ?bﬂuuq€c4wdei¢ah« ey
nivefod . PUMP CONSIDERATIONS

The purpose of the pump is to increase the fluid pressure level from
that in the tank to that required to establish the thrust chamber pressure.
A wide range of design parameters can be considered with the final selection
being based on the requirements éf efficient operation and light weight.
This section will present a discussion of the effects of the high-energy
propellants being considered herein on pump hydrodynamic design, as well as
pump size and weight characteristics.

The pump pressure characteristics are usually described in terms of
head of fluid. The head rise across the pump can in this way be related to
its pressure rise by the egquation:

H =.Appv (1)
This value of head is also equal to the ideal specific work input which can
be expressed in terms of the pump-stage velocity diagrams as shown in the

next equation:

_ nUAv,,N
g

H = nAh' (2)

‘The tangential velocity‘(Vu) at the pump inlet is assumed equal to zero.
The combination of equations (1) and (2) and use of a stage diagram param-

eter V¥, where ¥ is equal to AV,/U, results in the following equation:

2
Ap. = n(USyN)

D Zv (3)
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The high-energy propellants represent a very wide range of fluid specific
volumes as illustrated in figure 3. Liquid fluorine has a specific volume
near 0,01 and liquid hydrogen has a specific volume near 0.22. For the fol-
lowing discussion, RP1, Oxygen (05), and fluorine (F2) will be considered as
being of low specific volume, whereas hydrogen (H2) will be considered as
being of high specific volume.

From equation (3), for a given pump pressure rise,

v = Kn(U%yN) (4)
For a given efficiency, the product in parentheses must vary directly as the
specific volume of the fluid, and encounters a range of 22 to 1 between the
heavy fluids RP1, Oy, and F, and the light fluid hydrogen.

Pump designs for the low specific volume fluids require a relatively
low value of the product (UZWN). Thus, single-stage pumps with moderate
values of both rotor-blade speed U and V¥ can be utilized to cobtain the
required pump pressure rise. These pumps utilize backward swept blades with
Vv values of the order of 0.5. Even with low values of V¥ +the rotor-blade
speeds to obtain the required head rise will be well below the desired tur-
bine speeds. A single-stage pump of this type is shown schematically in
figure 4(a). Pumps of this type are in use in current turbopump designs.

A single-stage pump similar to the heavy-fluid pump showﬁ in figure
4(a) could be used for hydrogen by increasing the rotor-blade speed U by
the maximum ratio of approximately 22 to 1. In general, an increase in U
of this magnitude cannot be achieved because of rotor stress limitations.
Thus, single-stage hydrogen pumps will utilize both high values of the

diagram parameter ¥ and a high rotor-blade speed U. A pump of this type
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is shown in figure 4(b). The pump is a radial-blade centrifugal unit opera-
ting at a  value of 1.0. Configurations similar to this type are required
for a rotor design utilizing high values of V. It should be noted that the
rotor-tip radius is large compared with the inlet radius. '

Greater flexibility in the design of hydrogen pumps exists ;zgthe de-
sign is not limited to single-stage rotors. A two-stage hydrogen pump as
shown in figure 4(c) would make possible a reduction in both the tip radius
and the diagram parameter V. A third hydrogen-pump configuration is shown
in figure 4(d) where numerous axial stages having relatively low values of
¥ are used. The three pump types shown for the hydrogen case may have dif-
ferent efficiency characteristics due to stage losses (which are a function
of V), as well as interstage losses incurred for the multiple-stage units.
Since, as pointed out previously, high pump efficiencies are desired, the
final selection of pump configuration would probably be made on this basis.

Another hydrodynamic-pump design consideration is the cavitation prob-
lem. The tendency for a pump to cavitate is usually Jjudged from the simil-

arity parameter, suction specific speed, defined as
sS = (5)

which relates the rotational speed, volume flow rate, and inlet net-positive
suction head. Conventional practice in pump design fixes the limit of pump
operation at incipient cavitation, with associated limiting values of suc-

tion specific speeds of the order of 10,000. For rocket engine application,
in order to meet the pressure requirements with small lightweight pumps, it
is necessary to go to suction specific speeds over this limit. Pumps which

can tolerate cavitation without undue losses in efficiency have been

-7 -
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CHN
developed. Careful design hes produce’ pump rotors which operate at suc-

tion specific speeds of the order of 30,000.

Since Hg, = Pg,v, equation (5) can be written as:

SA'

sS ny/q (6)

" (p,,) 3% ()3

From this equation the large effect of fluid specific volume on rotational
speed can be observed. The high specific volume of liquid hydrogen allows
the use of high rotational speeds n without exceeding a given limit of
suction specific speed. However, the pump configurations required for hydro-
gen can limit the potentially higher rotational speed due to rotor stress.
Thus, because of this stress limitation, hydrogen pumps may not be able to
utilize the high suction specific speeds. This is especially true for the
radial-flow centrifugal pump shown in figure 4(b). The smaller tip-
diameter, two-stage hydrogen pump more nearly utilizes the high suction
specific speed, whereas the multistage axial-flow pump may easily utilize a
limiting suction specific speed. On the other hand, the pump configuration
suitable for the low specific volume fluids does not impose this stress
limitation and therefore, high limiting suction specific speeds can be
utilized.

The pump size and weight characteristics will be discussed on a per
unit pump flow and on a per unit propellant flow basis. With these charac-
teristics known on a specific basis, it is easy to convert them to actual-
size comparisons.

Pump weight studies have shown it to be a function of frontal area and
number of stages. That is,

W, = KAp N (7)

- 8 -
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Dividing through by Yp yields
W A
P _x Py (8)
W W
Y 1Y

Now the frontal area of the pump is related to U and the rotative speed by

the equation

A =T — (9)

The use of equations (3) and (6) in equation (9) with appropriate modifica-

tion yields

(10)

Ap o K(®p> y1/2

sV
Thus, if App, Pyy, and 1 are assumed constant, then

A 1/2

,p v
w. =K 2
P yN(8s)

(11)

Substituting equation (11) into (8) yields

W vl/2
L - g —— (12)

Yo y(ss)?

Comparison of the pump size and weights on & per unit pump flow basis
can be made using equation (12) where for the RP1, O,, and Fp cases V¥ 1is
assumed equal to 0.5 and SS is at its limiting value. For this comparison,
the hydrogen pump is assumed to use a V¥ = 1 with the associated 55 re-
duced to cne-half the limit used for the dense fluids. As discussed pre-
viously, a reduction of SS would probably be encountered for this type of
pump as a result of the pump stress limits. Because of the counterbalancing
effect of ¥ and SS in equation (12), it is felt that the comparative

results obtained using this pump are representative of those to be obtained
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for the multistage units. Comparative size (in terms of frontal area) and
weight characteristics obtained on this basis are presented in figure 5.
Here it is seen that the specific sizes and weights of tﬁe dense fluids
are comparable in level. The hydrogen pump, on the other hand, is approx-
imately éight times the size and weight of the heavy fluid pumps.

A comparison of the weights on a per unit propellant flow basis can
be made using the following equation which relates the pump specific weight

defined by equation (12) to the total pump specific weight

W. Wo /W W W
et Jf) o (- 3) =
P f\'P o) P

where Wf/WP or ratio of fuel flow rate to total-propellant flow rate must

be selected for the propellant combination considered. Comparative values
of wp,tot/WP were computed from equation (13) for the propellant combina-
tions considered using values of 0.30, 0.15, and 0.07 for the RP1-O5, Hs-0s,
and Hy-Fo cases, respectively. The results are presented in figure 6 which
shows that the RP1 - O, case has the lowest specific weight with the Hp-Fp
case only slightly greater. The Hy-0p case is greater than the RP1 - Op
case by approximately 100 percent while the H, case is greater by an amount
on the order of 600 percent. Figure 6 also indicates the general specific
size characteristics for the four propellant combinations.

It might again be noted that this is not a comparison of actual weights
and sizes. Due to the impulse advantage of H,, for example, the weight and
size of the Hp pump may be comparable to those of the corresponding RPl and
Op pumps in rockets having equal missions and payloads. This would occur

because of the greatly reduced flow rate for the Hy case.

- 10 -
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TURBINE CONSIDERATIONS

The purpose of the turbopump drive turbine is, of course, to provide
sufficient power to the pumps that the required pressure rise and flow rate
are attained. As pointed out in a previous discussion, a minimum turbine
flow rate is desired. Since the total power developed by the turbine is the
product of flow rate times specific work output, it is then evident that
these turbines will be high specific work output units.

The pertinent factors affecting the specific work output of the turbine

can be discussed using the following equation:

r-1
1

Ah' = Jne,T|1 - (—-—) ’ (14)
b P.
From equation (14) it is evident that the specific work output is pri-
marily a function of turbine efficiency, specific heat, inlet temperature,
and the pressure ratio across the turbine. High efficiency is obviously de-
sired because of its direct effect on Ah'. The influence of pressure ratio
is illustrated in figure 7 where the ratio of ideal specific work output to

turbine-inlet enthalpy which is considered a work potential and defined by

the equation

Ahig _An'/q 5)
ek ¢

is presented as a function of the ratio of inlet total pressure to exit
static pressure Pr for y = 1.35. Figure 7 indicates that up to pressure
ratio values of 10 to 15 there is a rapid rise in work potential. As pres-
sure ratios in excess of these values are used, however, not much additional

potential is obtained. From figure 7 it is evident that, due to the

- 11 -
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desirability of high specific work output, high pressure ratios (10 and
above) are desired.

If a pressure ratio is specified, together with a turbine limiting in-
let temperature and turbine efficiency, then from equation (14) it is seen
that specific work output will vary directly with the specific heat cp of

the turbine-drive fluid. Therefore, a comparison of the values of p for
various turbine-drive gases will indicate the corresponding level of turbine
specific work output. This property is presented in bar-graph form on the
left portion of figure 8 for the propellant combinations being considered
herein. They represent nominal values for a fuel-rich mixture with a
turbine-inlet temperature of 1400° F. Comparison of the cP values shows
that the high-energy chemical propellants (Hz-O2 and Hp-Fgp) will develop a
specific work output 3% times that of the low-energy propellant (RP1 - 02).
The Hy, case gives a corresponding value of approximately five times that of
RP1 - Og2. Therefore, the turbines using the high-energy propellants will
be relatively high specific-work-output units.

In order to determine the effect of propellant combination on the ratio
of turbine flow rate to propellant flow rate, the relative power requirements
must also be known. The pump discussion has shown that, for a given pump
efficiency and pressure rise, the work required per unit pump flow is propor-
tional to the specific volume of the fluid. Under similar specifications,
the power required of the turbine per unit propellant flow rate is propor-

tional to the bulk specific volume of the propellant, or the ratio of total

volume being passed by the pumps to the total weight flow rate. In equa-

we vy
v - V - o— =
b °< WP) ¥ vf(“P (16)

tion form
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A comparison of the v, values then indicates the relative turbine power
requirements. The values of vy for the propellant combinations are shown
in the middle of figure 8. Again the RPl1 - O, case is the lowest with the
Hy-Fo and Hp-0p cases succeedingly greater. The Hy case is again much
greater,

The turbine flow characteristics can now be investigated using the pre-

viously discussed relations that yields the equation

Wi v
T-x_ b (17)
WP CP

The ratio vb/cp is shown on the right of figure 8 for the four pro-
pellant combinations. Here it can be seen that the high-energy chemical
propellants actually require less flow rate than the RPl - O, case with the
Ho-Fo case being considerably less (approximately 1/2). Only the Hp case
requires more flow rate, being approximately 2% times that required for the
RP1 - Op case.

The primary geometric differences among the drive turbines for the pro-
pellant combinations under consideration can be described by first consider-
ing the manner in which the turbine specific work output is obtained. The
equation for turbine specific work output considering equal work per turbine

stage is

Ah' = (18)

where U is the blade speed and AV, 1is the change in whirl component of
velocity across the stage at the mean section. If the diagram parameter

¥ = AV,/U is employed, then

An' = %UE (19)

- 13 -
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Now the selection of a value of V¥ has an effect on 1 similar to
that for pumps. This effect is illustrated in figure 9 where the ratio of
n to a peak value is shown as a function of V. The efficiency reduces al-
most linearly from its maximum value as ¥ is increased from unity. Because
of the desirability of high efficiencies, low V¥ values are therefore de-
sired with representative values used ranging from 2 to 4.

Returning to equation (19) it is seen that, for a fixed value of V,
Ah' varies as NU%. In order to minimize the number of stages, it is evi-
dent that high turbine-blade speeds are desired. Since there are, however,
limiting values of U from rotor blade centrifugal stress consideration,
U will be fixed at a maximum value. Finally, then, the variation in Ah'
reflects in the variation in the required number of turbine stages.

A comparison of stage number for the four propellant combinations can
be made by referring to figure 8 which presents the ¢ characteristics as

b

representing the relative level of turbine specific work output. Using cP
as the basis, it can be seen that the H»-Op and Ho-Fs cases will require
over three times the number of turbine stages as the RPl - Oy case. For the
Hy case six times the number of stages is required.

The turbines for the four propellant combinations are illustrated in
figure 10 with the RP1 - O, case using a single-stage unit as a basis. The
diameters of these turbines are scaled on a per unit propellant flow basis
and obtained from an equation derived as follows: For similar stress re-

quirements and gas-state conditions, the frontal area per unit turbine flow

rate is related to the gas constant by the eguation

=2 - kR (20)

- 14 -
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Now

A W,
A r,1 | M (21)
P Ypoo ¥p

So if equations (17) and (20) are substituted into equation (21) together

with the relation

.
e, = —

Sl

2 KR

the following equation for AF’T/WP is obtained as

\Y
Ap T _ g b

Equation (22) was then uséd to size the turbines in figure 10. The

(22)

RP1l - O and Hy-F, turbines are comparable in diameter with the Hz-Op and
H2 turbines increasing successively in size. Note again that these compari-
sons are on a per unit propellant flow basis and not for a given application.
Therefore, a comparison of the turbines for a given application would require
a knowledge of the actual flow rates for different propellants.

One additional turbine characteristic to be considered is its specific
weight (weight per unit propellant flow). Turbine-weight studies have re-

sulted in the following equation relating weight to stage number and size:
- kyt/?
Wp = KNS Ap g (23)

Using this equation together with equation (22) and the direct relation be-

tween N and cp discussed previously it follows that

— = Kv. (24)

- 15 -
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Thus comparison of the weight characteristics can be made by referring to
figure 8 where Vy 1is compared. From this comparison, it is evident that
some penalty in specific weight is required for the high-energy chemical

propellants with a considerable penalty paid for the Hsy case.

ARRANGEMENT AND GEARING CONSIDERATIONS

The final turbopump factors to be considered in this paper will be the
turbopump arrangement and associated gearing considerations. The arrange-
ment, which involves the manner in which the pumps and turbine are con-
nected, can be discussed by referring to the findings in the pump and tur-
bine sections. There it was found that the high-density fluids (rRP1, 05,
Fz) desired a relatively low blade speed, whereas for the Hy pump and all
drive-turbines high blade speeds were desired. The resultant turbopump
arrangements that appear attractive from this consideration are shown in
schematic form in figure 11. For the RP1l - O case, gearing to both pumps
is desired. For the Hy-Op, and Hp-Fp cases gearing to the oxidizer pumps
appears best. Similarly, for the H, case direct drive appears to be best.

These different gearing arrangements can be used to determine whether
the gearing problem will be more severe for the high energy propellants than
for the low. The basis for comparison will be the power to be transmitted
to the pumps through the gearing. A comparison of this power requirement
can be made using the following equations. For the RP1 - 0, case:

P Wp W
"‘=K"o("")+vf;1; = Kvy (25)

(e}

- 16 -
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since all the power is transmitted through gearing. For the high-energy
chemical units

P W

. Kvo( - —5) (26)
vp

since only the oxidizer-pump power is being transmitted. For the Hz case,

of course,
P
;9 =0 (27)
P

The results of calculations made with these equations is shown in bar-
graph form in figure 12. The figure shows that the specific power trans-
mitted for the high-energy chemical propellants is less than that for the
low-energy propellant (zero for the Hp case). Therefore, based on specific
power, a less severe gearing problem is indicated. In the actual case, this
difference is even more pronounced due to the flow rate of the high-energy
propellants being considerably less than that of the low-energy propellants.

It might be noted that, in cases where low hydrogen-tank pressures are
used, direct coupling between the turbine and hydrogen pump would result in
a turbine of such size and weight that gearing a smaller turbine to‘this
pump would result in a lighter over-all turbopump weight. The final selec-
tion would be based on consideration of not only welght but also complexity

and reliability at the increased gearing power levels.

CONCLUDING REMARKS
This paper has presented a discussion of turbopump characteristics for
high-energy propellants. Significant conclusions of this study are as

follows:

- 17 -
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1. The turbopumps for the high-energy propellants utilizing hydrogen
as the fuel appear larger and heavier on a unit propellant-flow basis than
for the conventional turbopumps. However, the actual turbopump size and
weight may be equivalent to the conventional turbopump due to the consider-
ably reduced flow rate occurring as the result of the higher impulse.

2. Because of the high specific volume of liquid hydrogen, hydrogen
pumps are basically high-power and high-blade-speed units. This high-speed
characteristic makes direct drive between the turbine and the hydrogen pump
attractive.

3. Turbines with multiple stages are required for the high-energy pro-
pellant applications to achieve high efficiency and thus low turbine flow

rates.

- 18 -



" E-301

Oxidant
tank

Fuel
tank

-

Oxidant

Y, pump

»
-Fuel

Gearingwnll l] Il ‘" pump

[——

=)

Gas
|lgenera-

"

A

I

==

O

§1\

N\
Turbine

=
=

1

Thrust D

chamber

To turbine
exhaust nozzle

Fig. 1. - Schematic diagram of typical turbopump system.
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